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ARTICLE INFO ABSTRACT

Handling Editor: Xavier Querol To identify potential countermeasures for coronavirus disease (COVID-19), we determined the air exchange rates

in stationary and moving train cars under various conditions in July, August, and December 2020 in Japan. When

Keywords: the doors were closed, the air exchange rates in both stationary and moving trains increased with increasing area

SARS-CoV-2 . of window-opening (0.23-0.78/h at 0 m?, windows closed to 2.1-10/h at 2.86 m? fully open). The air exchange

]C) mplﬂtn“del rates were one order of magnitude higher when doors were open than when closed. With doors closed, the air
ommuter

exchange rates were higher when the centralized air conditioning (AC) and crossflow fan systems (fan) were on
than when off. The air exchange rates in moving trains increased as train speed increased, from 10/h at 20 km/h
to 42/h at 57 km/h. Air exchange rates did not differ significantly between empty cars and those filled with 230
mannequins representing commuters. The air exchange rates were lower during aboveground operation than
during underground. Assuming that 30-300 passengers travel in a train car for 7-60 min and that the community
infection rate is 0.0050-0.30%, we estimated that commuters’ infection risk on trains was reduced by 91-94%
when all 12 windows were opened (to a height of 10 cm) and the AC/fan was on compared with that when

Ventilation
Airflow velocity
Transmission

windows were closed and the AC/fan was off.

1. Introduction

Caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), coronavirus disease 2019 (COVID-19) was first reported in
December 2019 in Wuhan, China (Zhu et al., 2020), and expanded
globally during 2020-2021 (WHO, 2020; 2021). One particular concern
is the risk of infection in crowded commuter trains (MHLW, 2021).
Given that a large proportion of the population in Japan uses public
transportation including trains and buses, effective and practical mea-
sures to attenuate the risk of COVID-19 infection associated with public
transport are urgently required.

SARS-CoV-2—containing droplets are emitted from infected persons
through breathing, talking, coughing, and sneezing. Large droplets
(mostly larger than a few tens of micrometers in diameter) are deposited
rapidly onto the floor within a distance of 2 m from the infected persons,
whereas small droplet nuclei (i.e. the residue of dried aerosols that result
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from the evaporation of droplets; mostly smaller than several micro-
meters in diameter) can remain suspended in air for more than 1 h
before deposition or air exchange (Wells 1934; Xie et al. 2007). Whereas
larger droplets are removed from indoor air predominantly through
their deposition on floors and walls, small droplet nuclei are removed
primarily thorough air exchange (Yang and Marr, 2011). By definition,
droplet transmission is accomplished through the direct deposition of
droplets onto mucosae or conjunctiva and their inhalation; airborne
transmission is due to the inhalation of droplet nuclei; and contact-based
transmission arises after contact with a polluted surface and the transfer
of virus to the mucosae or conjunctiva via touching the eyes, nose, and
mouth (WHO, 2020; 2021). Bourouiba (2021), who reviewed the fluid
dynamics of disease transmission, emphasized the importance of the size
and nature of inhaled particles to understand range and evolution of the
droplet nuclei and their ability to penetrate deep into the respiratory
tract. The biological plausibility of airborne transmission can be rated
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according to three factors: generation of pathogen containing aerosol, its
viability in the environment, and its access to target tissue (Jones and
Brosseau, 2015). The biological plausibility of airborne transmission
with SARS-CoV-2 has been rated as high because the air surrounding
COVID-19 patients contains viable SARS-CoV-2, because SARS-CoV-2
remains viable in aerosol for a certain period of time, and because
SARS-CoV-2 can directly reach its receptor, angiotensin-converting
enzyme 2 (ACE 2), in the respiratory tract and alveoli (Tang et al.,
2020). In particular, although viruses in aerosol generally become
inactivated over time, SARS-CoV-2 is persistent for a certain period of
time (median viability, 1.1 h; 95% confidence interval, 0.6-2.6 h) (van
Doremalen et al. 2020).

Virus transmission from large droplets (droplet transmission) can be
prevented through the appropriate use of face masks, protective shields,
and social distancing. Ventilation is a critical countermeasure to trans-
mission through droplet nuclei (airborne transmission). Numerous
studies have measured air exchange rates in buildings as a first step
towards decreasing the exposure to volatile chemicals and particulate
matter in indoor air (Beko et al. 2010; Shinohara et al. 2011; 2013).
Although computational fluid dynamics (CFD) calculations are used to
estimate air exchange rates and the diffusion of droplet nuclei (Asai,
1995; Wang et al., 2014; Li et al. 2019), these factors have not been
surveyed on commuter trains.

Many studies have indicated possible airborne transmission of
COVID-19 (Tang et al., 2020) in various environments, such as on a bus
(Shen et al., 2020) and in a restaurant (Li et al., 2021). Dose-response
model and Wells-Riley model have both been used to estimate the
airborne infection risk (To and Chao, 2010). A dose-response model is
based on the amount of exposure to the virus, obtained through mea-
surements or simulations, and a dose-response curve, obtained from an
epidemiological study or animal test. The dose-response model can be
applied simultaneously to multiple exposure pathways (Haas, 1983;
Nicas and Sun, 2006; Nicas and Jones, 2009; Haas et al., 2014), and the
model have used to estimate the risk of COVID-19 for healthcare
workers (Mizukoshi et al., 2021) and for individual participants of mass-
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gatherings (Murakami et al., 2021). The Wells-Riley model, which is
specific to estimating airborne infection risk, is based on quanta gen-
eration rates, which are collected from epidemical studies, and dilution
factors (air exchange rates and deposition rates), which are obtained
through measurements or simulations (Riley et al., 1978). Quanta gen-
eration rates (Buonanno et al., 2020; Dai and Zhao, 2020; Miller et al.,
2020) and airborne infection risks (Harrichandra et al., 2020; Schijven
et al., 2020) for COVID-19 have been evaluated. The basic reproductive
number (Rp) for COVID-19 can be decreased by reducing the commute
time and number of passengers on buses (Chen et al., 2021). However,
no previous study has evaluated the risk reduction for COVID-19 asso-
ciated with improved ventilation and window-opening in vehicles.

Here, we determined the air exchange rates on commuter train cars
in Japan under several conditions, to understand the effects of potential
countermeasures against COVID-19. Then, we estimated the airborne
infection risk of COVID-19 by using a dose-response model with the
measured air exchange rates and assumed community infection rates,
commute time, and number of passengers.

2. Materials and methods
2.1. Survey period and trains

During 3 periods in 2020 (17-19 July, 14-16 August, and 11-13
December), we determined the air exchange rates in a commuter train
(Tokyo Metro Series 16000). Each train comprised 10 cars; each car had
a total volume of 107.1 m® and had seats for 54 passengers, 12 windows
that could be opened, and 8 doors. Four air intakes for the air condi-
tioner (AC) are placed on both sides of the ceiling over benches, and
outlet along each side of ceiling (Fig. 1). Crossflow fans are placed at the
center of ceiling (Fig. 1) blow air downwards and towards the wall. A
ventilation system is not installed because it requires frequent mainte-
nance owing to the particles in air in the underground tunnel.

Of the 10 cars, we used the 3rd and 8th cars for measuring air ex-
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Fig. 1. Schematic diagram of the sampling sites in the train cars.
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generates heat, such as a motor. Stationary tests were conducted at
Ayase Depot (Adachi, Tokyo, Japan). Moving tests were conducted
aboveground between Ayase- and Kitasenju- stations (2.5 km) and un-
derground between Kitasenju- and Kasumigaseki- stations (12 km). Air
flow velocity was measured in the 3rd car, and airtightness was
measured in the 5th car.

2.2. Determination of air exchange rates

The air exchange rates were measured by using the CO2 decay
method (JISC, 1984; ASTM, 1998), which is appropriate for determining
short-term air exchange rates in unoccupied rail cars. In brief, CO, was
emitted from gas cylinders into the cars. Indoor air was agitated by using
circulators (EAC-23-W, Iris Ohyama Inc., Sendai, Japan) and blowers
(Earthman BW-144LiAX, Takagi Co., Ltd., Kitakyushu, Japan) until the
CO4, concentrations reached equilibrium across all 21 sampling points in
the cars. Then, the indoor CO2 concentration was monitored every 10 s
at all sampling points in each car (Fig. 1) at heights of 1.5 m (repre-
senting standing passengers) and 1.2 m (0.7 m from the seat surface;
representing seated passengers) for 15 min to 2 h with a CO, monitor
(MCH-383SD, Lutron Electronic Enterprise Co., Taipei, Taiwan, or TR-
76Ui, T & D Co., Matsumoto, Japan). The outdoor CO5 concentration
was measured before and after each in-car CO, measurement. Before
each period of the survey (July, August, and December), the CO mon-
itors were calibrated against several concentrations of CO2 gas,
including ambient level, according to a calibrated CO monitor (Model
2211, Kanomax Japan, Inc., Osaka, Japan).

The air exchange rates were obtained by fitting exponential functions
to the differences of CO5 concentrations between inside and outside of
the cars.

2.3. Stationary tests

Stationary tests were conducted in a closed train depot with negli-
gible wind. In the stationary tests, air exchange rates were evaluated
with windows open to different degrees, doors open or closed, central-
ized air conditioning (AC) and crossflow fan systems (AC/fan) on or off,
and passengers (modeled with mannequins) present or not. The tested
heights of window opening were 0, 5, 10, 15, and 26.8 cm. Window-
opening positions included 2 diagonal points (front right and rear left
windows), 6 points on the right and left in the rotational direction, or
every 12 points (Fig. S1). For each door-open test, all 4 doors on the
same side of the car were opened. The AC and crossflow fan systems
were switched on and off together. During August test sessions, 230
fiber-reinforced plastic mannequins without heat sources (143 standing
women, 0.0484 m3; 37 standing men, 0.0612 ms; 47 sitting women,
0.0467 m3; 3 sitting men, 0.0612 m3; Taiyo Kogei Co., Ltd., Osaka,
Japan) were loaded into the car to model crowded conditions. Differ-
ences between the temperatures inside cars and outside with all doors
closed were 0.35 + 1.3 °C in July, —12 + 1.5 °C in August, and 5.0 +
1.4 °C in December with the AC/fan on, and 1.1 £+ 0.83 °C, —9.1 +
1.2 °C, and 6.4 + 0.41 °C, respectively, with the AC/fan off.

2.4. Moving test

In August 2020, air exchange rates were evaluated during contin-
uous operation at 20, 30, 39, and 57 km/h underground and 52-55 km/
h aboveground. To model crowded conditions, 230 mannequins (Taiyo
Kogei Co., Ltd.) were loaded into the 8th car. To model empty condi-
tions, the 3rd car was unoccupied. Tests were conducted during the
middle of the night, outside of normal business hours. Indoor and out-
door temperatures were 23 £+ 0.69 °C and 31 + 0.44 °C, respectively,
aboveground and 23 + 0.80 °C and 31 £ 0.21 °C underground. The
average wind speed in Tokyo during the moving test hours at the date
was 1.8 m/s (JMA, 2021).
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2.5. Air flow velocity and airtightness

During August 2020, air flow velocity (10-s average) in the 3rd car
was measured at 4 points every 10 s with a multi-channel thermal
anemometer with a platinum wire (Anemomaster Model 1560 and
Omni-directional Probe Model 0965-01, Kanomax Japan Inc.). Three
sampling points were located along the center of the aisle at a height of
1.5 m, with the remaining point above a seat at a height of 1.2 m (Fig. 1).
The total leakage area of the train was measured with an airtightness
measurement instrument (Dr. Dolphin OMAT2000, EOM Co., Shizuoka,
Japan). To assess the airtightness of the cars, the equivalent leakage area
per floor area (C-value) was calculated by dividing the total area of any
gaps by the total floor area, which included the seating surface.

2.6. Evaluation of airborne infection risk

We estimated the airborne infection risk of COVID-19 for passengers
on commuter trains that was attributable to inhalation of droplet nuclei
under several conditions by varying community infection rate, number
of passengers on the train, commute time, AC/fan on or off, and expo-
sure to infected persons who were talking or silent. We did not estimate
droplet transmission due to direct deposition on mucosae or conjunctiva
or to inhalation of large droplets, because almost all commuters in Japan
have worn masks, which exclude large droplets, since winter 2020;
therefore, the occurrence of droplet transmission on commuter trains in
Japan was minimal. In addition, we did not estimate contact-base
transmission, because viral copies of SARS-CoV-2 were not detected at
high concentrations on surfaces even in rooms inhabited by infected
persons (Yamagishi et al. 2020).

Community infection rates, defined as the proportion of infected
persons in a target population at a specific time, varied between
0.0050% and 0.30%, indicating that 50-3000 people become infected
daily during 14 consecutive days in Tokyo, which has 14 million in-
habitants (Tokyo Metropolitan Government, 2019) referencing the
maximum daily new positive cases of COVID-19 infection in Tokyo
(2520 persons (January 7, 2021); Tokyo Metropolitan Government,
2021). The number of passengers in a train car varied between 2 and 300
referencing the congestion rates during morning commuting hour in
Tokyo metropolitan area in 2019 (average, 163%; maximum, 199%;
MLIT, 2020) and capacity of the train car used in this study (151 per-
sons), and commute time varied between 1 and 60 min referencing the
total travel times between the termini for 9 lines of Tokyo Metro (35-51
min; Tokyo Metro, 2021).

The concentration of virus to which a passenger in commuter train
was exposed was estimated by using two-zone (i.e., near-field and far-
field) model (Spencer and Plisko, 2007). We assumed that passengers
in both the near-field and far-field of an infected person were exposed to
virus contained in droplet nuclei that originated from that person
(Fig. S2). Although some passengers could expose to droplet nuclei
exhaled from multiple infectors when multiple infectors ride on the train
car, we assumed that near-fields did not overlap with each other to
simplify the calculation. The two-zone model (Spencer and Plisko, 2007)
was expressed as:

Near-field:
dcm'm m(t) E F F Idin/mlminnnnearcnear m(t)
—_— = - Crarm(t 77Cnmr_m ) — =

A Vpy Vo ) 7y G View

— (A+d)Crear_m(1)
m
Far-field:

dCpy_m(t F F 1dihaiationfar -m Crar_m (t
far_ rl( ) — Cm)ar,m (t)m _ C[ar,m (I)Iﬂ _ mhalatun”fa —m “far_ n( )
dt Vfar_m Vﬁlr_m ’
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Table 1
Parameters and parameter derivation methods used to calculate risk.
Symbols  Unit Descrioption Value Derivation Reference
k /PFU dose-response function for 0.00246 survival probability for SARS-CoV Watanabe et al., 2010;
SARS-CoV-2 Mitchell and Weir, 2020;
Mizukoshi et al., 2021
c® PFU/m®  estimated exposure - Cnear(t) or Cror(t) -
concentrations to the virus
I m®/h inhalation rate or exhalation Silent 0.37 inhalation rate during rest AIST, 2007
rate
Talking 0.60 inhalation rate during light-work AIST, 2007
r - community infection rate 0.0050-0.30%  Daily infected person.are 50-3,000 persons/day for 14 -
days in Tokyo prefecture
(population of Tokyo: 1.4 million)
n person commuter numbers in the train. 2-300 The congestion rates during morning commuting hourin ~ MLIT, 2020
Tokyo metropolitan area in 2019 was averaged 163%.
The capacity of the train car used in this study was 151
persons
t min commuting time 2-60 The total travel times between the termini of Tokyo Tokyo Metro, 2021
Metro were 35-51 min
Crear(t) PFU/m® concentration of virus in near- - Equation (1) -
field in train car
Crar(t) PFU/m®  concentration of virus in far- - Equation (2) -
field in train car
E PFU/h emission rates of virus from the Silent 0.0034 E = Ceopies/Ratio x Mp x I x e (6) -
infector 30 s talk 0.021 -
per 1 min
F m®/h air flow volume rate from near-  AC/fan on 625 half of surface area of near-field x air flow velocity -
field to far-field AC/fan off 31 (0.2 m/s during AC/fan on and 0.01 m/s during AC/fan ~ —
off)
dinhalation ~ — deposition fractions on alveoli and upper/lower ~ 0.5152 deposition fractions on alveolar region (0.2051), RIVM, 2017
airway conducting airway (0.0822), and head airway (0.228)
for 2 pm particles (1.005 g/cm® of density) calculated
using MPPD model (v.3.04)
A /h inactivation rate 0.66 inactivation rate van Doremalen et al.,
2020
N /h air exchange rate window 27 weighted average of underground air exchange rates for ~ present study
open 2 min moving (29, 6.8/h), 20 s stationary (door open)
(10 cm x (3.3, 0.59/h), and 10 s stationary (door closed) (30, 30/
12 points) h)
window 9.5 (underground air exchange rate are assumed to be twice
closed of the aboveground air exchange rate in moving train)
d /h deposition rate on indoor 0.35 deposition on textile Nicas and Jones, 2009
surface
v m® total indoor volume of the train 107.1 -
car
Viear m? assumed volume of near-field in 0.065 half of oval sphere (minor radius 0.25 m; long radius 0.5 -
train car m)
Viarm m? assumed volume of far-field in - Equation (3) -
train car
Ratio copies/ ratio of virus RNA copies to PFU 1000 Uhteg et al., 2020;
PFU Munster et al., 2020
Ceopies copies/ virus RNA copies in saliva 4 % 10° median: 3.3 x 10° copies/mL To et al., 2020a
mL average: approximately 2 x 10° copies/mL Wyllie et al., 2020
average: 7 x 10° copies/mL Wolfel et al., 2020
median: 1 week 10%7 copies/mL; 3 weeks 10*° To et al., 2020b
Mp mL/m? saliva amount of origenal 4.6 x 10°° Mp = Mpn/S® (7)
droplet of droplet nuclei in the
breath air (silent)
saliva amount of origenal 2.2x107°
droplet of droplet nuclei in the
breath air (10 s talking)
S - ratio of dried droplet nuclei and 0.4 approximately 40% of droplet under < 50 %RH Yang and Marr, 2011
droplet
Mpn mL/m> volume of droplet nuclei in the 2.9 x 1077 size of dried droplet nuclei: 0.8 pm 0.084/cm>; 1.8 pm Morawska et al., 2009
breath air (silent) 0.009/cm?; 3.5 um 0.003/cm?;
5.5 pm 0.002/cm*
volume of droplet nuclei in the breath air (10s 1.4 x 107° size of dried droplet nuclei: 0.8 pm 0.236/cm>; 1.8 pm Morawska et al., 2009
talking) 0.068/cm>; 3.5 um 0.007/cm?;
5.5 ym 0.011/cm?
e - elimination factor of mask 0.5 Average particle removal rate by various types of masks ~ Tsubokura, 2021

(urethane and non-woven masks)
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Viar-m =V —mVoear 3)

where Cpear m(t) and Cror m(t) (plaque-forming unit [PFU]/ m®) are the
concentrations of virus in the near-field and far-field, respectively, in the
train car when m infected persons (i.e. infectors) are present; E (PFU/h)
is the rate of virus emission from an infector; F (m3/h) is the air flow
volume rate from the near-field to the far-field and from near-field to far-
field; I (m3/h) is the inhalation rate of a commuter; dinhaiation (Unitless) is
the deposition fraction in alveoli, conducting airways, and head airways;
A, N, and d (/h) are the inactivation rate, air exchange rate, and depo-
sition rate on indoor surfaces, respectively; Viear, Vfar m, and V (m®) are
the estimated near-field volumes, far-field volumes, and total indoor
volume of the train car; and nyeq- and ngr 1, (unitless) are the expected
number of commuters in a near-field and a far-field, respectively. The
near-field was set as an ellipsoid (minor radius, 0.25 m; major radius,
0.5 m) in front of the infector. The expected numbers of commuters in
the near-field and far-field (npeqr and ngqr m) were assigned according to
the ratio of the projected area of the near-field to the floor and the rest
area of the floor. The air completely mixed in the near-field was assumed
to exchange with the air completely mixed in the far-field through half of
the surface area of the ellipsoid according to the indoor air flow velocity
(Spencer and Plisko 2007). The in-car air flow velocity with the AC/fan
off during the stationary test was substituted for the in-car air flow ve-
locity with the AC/fan off while the train was moving because the in-car
air flow velocity with the AC/fan on did not differ between stationary
and moving tests (Fig. S6). The number of viruses in the droplet nuclei
generated during breathing and talking was assumed to be equal to that
in the original droplets, wherein the virus concentration is assumed to be
equal to that in the saliva.

The infection risk for a commuter in the near-field and far-field when
m infectors are in the train car, Ryear m and Rygr m (unitless), respectively,
can be expressed thorough the following equation, which is based on the
general exponential model (Nicas and Jones, 2009; Watanabe et al.,
2010; Haas et al., 2014):

fe
Rucar_m =1— exp(fkl/ Cnear_m(t)dt) (4)
0

1
Rir_m =1 *CXP(*M/ Car_m(1)dt) )
0

where k (/PFU) is the dose-response function for SARS-CoV-2, I (m3/h)
is the inhalation rate of a passenger, t, (h) is the commute time of the
infector, and Creqr m(t) and Crar m(t) (PFU/m?) are the estimated exposure
concentrations of the virus in the near-field and far-field when m in-
fectors are present.
When we consider the community infection rate, the infection risk in
the train car, Ryqin, can be expressed by using a binomial distribution as:
i
Riain =

m=1

mnnmr n far—_m
—

(1= )" (Rucarm Rurn ™) (i <n—1)  (6)

where i (unitless) is the maximum number of infected individuals on the
train (m), r (unitless) is the community infection rate, and n (unitless) is
the total number of commuters in the entire train (n = m npeqr + Nar m)-
Because there is little additional contribution from i when i > 5, the
calculation was approximated using i < 5.

The parameters and parameter derivation methods are listed in
Table 1.

3. Results

Because of the public need for a rapid report, the air exchange rate
data from the August 2020 survey are available in part on the website of
the National Institute of Advanced Industrial Science and Technology
(AIST, 2020).
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3.1. Stationary tests

Representative CO, concentration decay profiles are shown in
Fig. S3. In the stationary tests, the air exchange rates in a car with all
doors closed increased as the open area of windows increased (from
0.60/h with all windows closed to 4.4/h with all windows fully open in
July, 0.59-0.78 to 9.9/h in August, and from 0.32 to 0.46/h to 4.0/h in
December with the AC/fan on, and from 0.23/h to 2.1/h in July, 0.59 to
10/h in August, and from 0.48 to 0.54/h to 3.6-4.4/h in December with
the AC/fan off; Fig. 2). At similar window-opening areas, air exchange
rates were similar for in all cases of paired diagonal windows, 6 win-
dows, and all 12 windows open (Fig. 2).

Average air exchange rates were higher when the AC/fan was on
than when it was off during the July test (Fig. 2). The variation in the air
exchange rates (mean + SD) among positions in the car was lower when
the AC/fan was on (5.5% =+ 4.4% in July, 3.2% + 0.99% in August, and
7.2% + 4.2% in December) than when it was off (20% + 8.7% in July,
25% + 17% in August, and 11% =+ 5.8% in December).

In the stationary tests, air exchange rates were positively correlated
with the absolute value of the indoor—-outdoor temperature difference
(Fig. S4). However, they were more strongly correlated with the
window-opening area (Fig. 2). Air exchange rates were similar whether
the 230 mannequins were present or not (Fig. S5).

In the doors-open condition, air exchange rates were similar
regardless of the size of the window opening (Fig. 3). The air exchange
rates with the doors open were lower when the AC/fan was on (averages
of 12/h in July, 38/h in August, and 29/h in December with the heater
off) than when it was off (averages of 30/h in July, 58/h in August, and
62/h in December with the heater off, and 70/h in December with the
heater on).

3.2. Moving test

The air exchange rates in the car with all 12 windows open to 10 cm
increased as the train speed increased, from 10/h at 20 km/h to 42/h at
57 km/h (Fig. 4). Aboveground air exchange rates with all 12 windows
open to 10 cm were approximately half the underground rates (Fig. 4).
Aboveground air exchange rates when windows were closed were 3.1/h.
In moving trains with all windows open, aboveground air exchange rates
were similar regardless of the presence or absence of mannequins
(Fig. 4).

3.3. Air flow velocity and airtightness

During stationary tests with doors closed, the air flow velocity was
similar regardless of the window-opening area. Air flow velocities were
higher when the AC/fan was on (average, 0.21 m/s) than when it was off
(average, 0.0088 m/s; Fig. S5). They were higher when doors were open
(0.38 and 0.034 m/s for AC/fan on and off, respectively), but did not
related to the window-opening area (Fig. S6). When the train was
moving, air flow velocities with the AC/fan on were 0.19-0.31 m/s and
did not differ with train speed (Fig. S6). The total leakage area of the car
was 299 cm? and the C-value (gap area per floor area) was 5.4 cm?/m?2.

3.4. Evaluation of airborne infection risk

Estimated virus concentrations in the car are shown in Figures S7 and
S8. Representative estimated risks of COVID-19 infection in the near-
field and far-field are shown in Fig. S9. The infection risk of a passen-
ger within 50 cm in front of a talking infected person when a single
infected person is in the car (Rpeqr 1) carrying 150 passengers travelling
for 30 min in the context of a community infection rate of 0.30% is 8.5 x
107> with the windows closed and AC/fan off, however dropped to 5.0
x 107° with the window open and AC/fan on.

The estimated infection risks in a train car (Rgqp), carrying 150
passengers for 30 min at a community infection rate of 0.30%, with
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(D) AC/fan OFF, Door closed (August test)
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Fig. 2. Relationships between window-opening area and air exchange rates when doors were closed. (A) AC/fan on, July 2020, (B) AC/fan off, July 2020, (C) AC/fan
on, August 2020, (D) AC/fan on, December 2020, (E) AC/fan off, December 2020. The regression lines were drawn by using all data from all window-opening
positions. Error bars show the SD of the air exchange rates obtained from all 21 sampling points.

closed window and AC/fan off were reduced from 2.5 x 10~% when the
infected persons were silent and 1.5 x 10”7 when the infected persons
were talking to 1.7 x 107 and 1.1 x 1078, respectively, when all 12
windows were open to 10 cm and the AC/fan was on (Figs. 5 and 6;
Table S1). Assuming that 30-300 passengers traveled on trains for 7-60
min in the context of a community infection rate of 0.0050-0.30%, the
risk of airborne infection risk in a train car (Ryqin) Was estimated to be
reduced by 91-94% when windows were open (12 windows each open
to 10 cm) and the AC/fan was on compared with when windows were
shut and the AC/fan was off (Table S1).

4. Discussion

Despite their importance for deriving countermeasures to COVID-19,
air exchange rates in commuter trains have not been reported to date.
We found that the air exchange rates in stationary train cars were
strongly correlated with the window-opening area. In residential houses,
the duration and degree of window-opening were strongly associated
with air exchange rates (Shinohara et al., 2011; Hou et al., 2018). CFD
calculations and wind tunnel experiments demonstrated that air

exchange rates were related to the window-opening area (Larsen and
Heiselberg, 2008). In buildings, the natural ventilation volume is well
known to be correlated with the window-opening area (Kurabuchi,
2016). Therefore, the natural ventilation of trains can be considered
similar to that of buildings. In the present study, the stationary tests
were conducted in the depot, with its shutters, doors, and windows
closed, so the effect of wind outside the train was negligible. Previous
CFD calculations and wind tunnel experiments have indicated that air
exchange rates increase when the wind speed is high, especially when
the wind direction is perpendicular to the windows (Gratia et al., 2004;
Larsen and Heiselberg, 2008). Therefore, the air exchange rates we
obtained may increase if strong crosswind is blow in a real station
environment.

The air exchange rates in train cars were correlated with the
indoor-outdoor temperature difference. Previous CFD calculations and
wind tunnel experiments demonstrated that the air exchange rates
varied depending on indoor—outdoor temperature differences when the
wind direction was parallel to windows or the wind speed was null
(Gratia et al., 2004; Larsen and Heiselberg, 2008). In addition, the
relative effect of the temperature difference on air exchange rates
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Fig. 3. Relationship between air exchange rates and window-opening area when doors were open. Error bars show SD of the air exchange rates obtained from all 21
sampling points.
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Fig. 4. Relationships between air exchange rates and train speed when all doors were closed. Error bars show SD of the air exchange rates obtained from all 21
sampling points.
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Fig. 5. Risk of COVID-19 infection in a train car, Ry, according to the community infection rate and number of passengers during a 30 min commute, assuming that
infected persons were silent during the trip. (A) AC/fan off, windows closed. (B) AC/fan on, windows open.

decreased when the outdoor wind speed increased (Larsen and Heisel- In the December survey, the air exchange rates remained similar
berg, 2008). Our study was conducted in a closed train depot in still air, regardless of whether the heater was on or off. In the survey, tempera-
and the obtained air exchange rates were related to the indoor-outdoor ture differences were similar between the heater-on and heater-off
temperature difference. conditions probably because of the short test interval and the
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Fig. 6. Risk of COVID-19 infection in a train car, Ryqin, according to the community infection rate and number of passengers during a 30 min commute, assuming that
infected persons were talking during the trip. (A) AC/fan off, windows closed. (B) AC/fan on and windows open.

relatively high in-car temperature even with the heater off. Under real-
world conditions, the temperature differences and thus air exchange
rates might decrease when the heater is off.

The air exchange rates with the doors closed were higher with the
AC/fan on than off. Air exchange rates in buildings are increased when
the outdoor wind speed is high (Gratia et al., 2004; Larsen and Heisel-
berg, 2008). The air exchange rates may depend on in-car air-flow ve-
locity; indeed, they were substantially higher when the AC/fan was on
than when it was off. By contrast, air exchange rates when the doors
were open were higher with the AC/fan off, perhaps because of non-
uniformity of in-car under these conditions.

During tests while the train was moving, the air exchange rates
depended on the train speed, which may exert the same effects as those
of wind speed. Furthermore, the air exchange rates were lower when the
train was running aboveground rather than underground. This result
might reflect differences in the indoor-outdoor air pressure, which were
larger underground than aboveground (data not shown).

When air exchange rates were equal, the air exchange volume in the
train car with mannequins was 11% lower than that without manne-
quins owing to the volume of the mannequins (12 mg) relative to that of
an empty car (107 m®). In addition, the air exchange volume might
decrease further in the presence of passengers owing to inhibition of air
flow. The decrease in the air exchange volume in the train with 230
mannequins was observed to be only 15% compared to that without
mannequins in the present study. It indicated that the presence of the
mannequins did not significantly affect the air exchange volume.
However, the upward current due to the heat generated by passengers,
transfer of air caused by passenger flow, and air disturbance caused by
passengers talking and breathing might all affect air exchange rates.
Therefore, these effects should be elucidated in future studies.

The C-value of the train cars (5.4 cm?/m?) was much higher than that
measured in residential houses (0.16-0.63 cmz/m2; Ikehara and Sakai,
2018). From both functional and structural viewpoints, the interior of
the train car had many gaps. The total leakage area of the car determined
in the airtightness test (0.029 m?) was smaller than that assumed from
the intercept of the regression line of the air exchange rates and window-
opening area (approximately 2 m?). One possible cause of this difference
is that the airtightness test directly determines the serial composition of
the inlet and outlet gap areas, whereas the inlet gap areas might be
calculated from measurements of the air exchange rates. The gaps in the
inside walls of train car, which is more likely to influence air exchange
rates, were much larger than the gaps in the outside wall, which is
associated with airtightness. Another cause might be the inaccuracy in
the airtightness test, which revealed small differences in air pressure
between inside and outside of the car in the present study.

Because we used a passive COy monitor, rather than active monitor
that aspirated air by pump, there was a delay in the response time.
Therefore, larger air exchange rates may be underestimated. However,

there was no reversal of the large and small relationship of the air ex-
change rates.

When considering the same dose of virus, airborne routes may be
more infective than other routes, because droplet nuclei can directly
reach conducting airways and alveoli. Mizukoshi et al. (2021) estimated
the airborne infection risk for cases wherein the dose-response function,
k, was increased by 100. Here, when we increased k by a factor of 100 to
0.246, the risk of infection increased by almost 100-fold over the orig-
inal value. Furthermore, some variant SARS-CoV-2 viruses might be
much more infective. If infectivity is increased by 100-fold because of a
virus variant, the infection risk increases by approximately 100-fold.
Our findings suggest that window-opening and running the AC/fan
might reduce the airborne infection risk in trains by 91-94%, an
approximately comparable amount.

The airborne infection risk of COVID-19 in the context of a 0.30%
community infection rate was estimated to be 1.5 x 10~/ when infected
persons talked during a 30 min ride in a crowded train (150 commuters),
even with the windows closed and the AC/fan off. In other words, given
8.4 million daily train-based commuters in Tokyo (MLIT, 2017), 1.3
commuters would become infected each day on trains when 3000 per-
sons newly infected each day in Tokyo. It should be noted, however, that
the estimated absolute number of infected people can be as much as 100-
fold uncertain, as mentioned above. Recent case-control research has
indicated that the use of public transport—unlike dining in restaurants
and going to bars or coffee shops—did not increase the risk of COVID-19
infection (Mark et al. 2021).

To gauge the uncertainty in the assumed volume of the near-field,
when we calculated the risk by 10-fold increase the volume with the
same shape (major radius increased from 0.50 m to 1.1 m), the infection
risk of a passenger in near-field (Rpeqr 1) decreased by 93% (5.9 x 1079
with the windows closed and the AC/fan off and by 92% (4.2 x 1077)
with windows open and the AC/fan on. These results indicate that the
airborne infection risk is greatly decreased from 50 cm in front of an
infected person to 1.1 m. At this increased volume of near-field, the
airborne infection risk in a train car (Ryqin) decreased by 93% for win-
dows closed and the AC/fan off and by 89-91% with windows open and
the AC/fan on. To gauge the uncertainty in the assumed air flow volume
rate from near-field to far-field, we calculated the risk associated with a
3-fold increase and one-third reduction in air flow volume. Conse-
quently, the airborne infection risk in a train car (Ryqin) decreased by
62-65% and increased by 2.6- to 2.9-fold, respectively, when windows
were closed and the AC/fan was off and decreased by 48-63% and
increased 2.1- to 2.5-fold, respectively, when the windows open and the
AC/fan was on. The risk reduction associated with open windows and
the AC/fan on did not differ markedly (0.89-6.4%) under these theo-
retical changes in air flow.

We did not estimate the droplet infection risk because most com-
muters in Japan currently wear masks and avoid speaking loudly on
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trains. The risk might increase when some passengers talk loudly or do
not wear masks. In addition, although viral copies were not detected at
high concentrations on surfaces even in rooms inhabited by infected
persons, and even though viable viruses were detected only rarely
(Yamagishi et al., 2020), contact-based transmission by SARS-CoV-2
while commuting by train may not be ruled out. Estimating the risks
associated with these transmission routes should be the subject of future
research. Furthermore, opening the windows on moving train presents
concerns regarding the risk of exposure to outdoor pollutants, noise,
summer heat, and winter cold and merits risk-tradeoff analysis.

One limitation of the risk evaluation in the present study is related to
the dose-response curve. We used the dose-response curve for mice
death with SARS-CoV as an alternative for human infection with SARS-
CoV-2. Although the basic reproduction number (Rp) of SARS-CoV-2 was
similar to that of SARS-CoV (Mizukoshi et al., 2021), it would be pref-
erable to estimate risk by using the dose-response curve for SARS-CoV-2
when it becomes available. Regardless, using a mouse death dos-
e-response relationship as a surrogate for an unavailable infection
human dose-response relationship is generally accepted in human
infection risk studies (Haas et al., 2014; Mizukoshi et al., 2021).

5. Conclusion

During stationary tests, the air exchange rates in train cars were
strongly correlated with the window-opening area and weakly corre-
lated with indoor-outdoor temperature differences. When doors were
closed, air exchange rates were higher when the AC/fan was on than
when it was off. It was observed that the door-opening had a significant
influence on increase in ventilation rates. During tests of moving trains,
air exchange rates in cars were strongly correlated with the train speed.
By opening windows and turning on the AC/fan, commuters’ infection
risk in trains may be reduced by 91-94%. A risk-tradeoff analysis with
the window-opening—which decreases virus exposure but increases
exposure to outdoor pollutants, noise, and heat or cold—is warranted.
The effectiveness of air purifiers and AC filters as alternatives to
window-opening should be evaluated as well.
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